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ESP SYSTEM DESCRIPTION

The ESP measurement system thatwas chosenhad been used fortestsinotherLeRC aeronauticsfacilities

in the pastwith a greatdealofsuccess.The system utilizesminiaturemodules each containing48 silicon

piezoreslstivepressuresensors,a pneumatic calibrationvalve,and electronicsforaddressingand amplifying

each sensor. Five ESP modules are mounted on the rotorcenterlineon an instrumentationtower

(Figure2) which islocatedunder the rotornosecone. The transducerdiaphragms within the modules are
orientedperpendicularto the centerlineto minimize rotationalaccelerationeffects.A 200 channelslipring

package isused to bringthe electricalsignalsfrom thesemodules pluson board straingages,thermocouples,

heaters,and other items to the data acquisitionsystems. The transducersare addressedand scanned at

the rateof 10 000 measurements per second.

The module calibrationvalveallowsforon-linecorrectionoftransducererrorsdue to temperature changes,

referencepressurechanges, and electricaldrift.When a 100 psi controlpressure isapplied,the valve

manifolds alltransducersto a calibrationsystem which appliesthree known pressures(measured by a

referencetransducer)in successionto alltransducers.At each calibrationpressurethe transducersare

scanned and a second order curve isgeneratedforeach transducer.This informationisstoredin the ESP

system memory and isused to convertthe transducervoltagesto absoluteengineeringunits(psia).

Sinceallthe transducersin the ESP module aredifferential,the backsidesofthediaphragms aremanifolded

internallyto a referencepressureport. Ambient barometric pressureisused for thisreferenceto avoid

bringinga stablepressureon board the rotatingsystem. The testcellambient barometric pressureis

monitored by a high accuracy digitalbarometer.

PNEUMATIC SEAL OPERATION

A pneumatic slipring sealassembly (Figure 3(a))was designed and builtto transferthe controland

calibrationpressuresfrom the stationarypressurecalibrationunitto the rotatingESP system. Although

the pneumatic sealassembly functionedper designspecifications,itsleakratewas not low enough to meet

the accuracy requiredforin-placecalibrationofthe rotatingESP system. This leakagein the rotatingseal

caused the calibrationpressuresseen at the ESP modules to differfrom the pressuresmeasured by the

referencetransducerin the calibrationunit. This made itnecessaryto installthe referencetransduceron

board the rotorincloseproximity to the sensormodules. This provided high accuracy measurement ofthe

threecalibrationpressuresas long as the sealleakratedid not change during the calibrationcycle.

Another problem was that excessive heat (approximately 350 *F in the area of the instrument tower) was

produced within the pneumatic seal assembly by the friction of carbon rings rubbing on stainless steel

runners (Figure 3(b)). The original seal design had provisions for seven individual chambers for transferring
pressures to the rotor. Three chambers were the minimum required for performing the on-llne calibrations

(two chambers for the control pressures and one chamber for the calibration pressures). In an attempt to
reduce the heat generated, the hardware was removed from four of the seven chambers and cooling air was

fed through the four empty chambers. Also the two ESP pneumatic valve control pressures for calibration

and run positions (approximately 100 psi each) were applied for only a short time (5 sec) in order that the
carbon rings would not be forced into the stainless steel runners for more time than was necessary. This

reduced the temperatures in the area of the rotating ESP system to less than 170 *F. However, this change

from ambient temperature at zero speed to 170 *F at design speed could still cause a change in the output
of the measurement transducers and reference transducer which would degrade overall system accuracy.
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REFERENCE TRANSDUCER SELECTION

One transducerthatwas chosen as a candidateformeasuring the calibrationpressureson board the rotor

was the digitalpressuretransducernormally used with the ESP system (Ref.2). This transducerusesa

quartzcrystaloscillatingbeam as itssensingelement. Pressureappliedto a bellowsgeneratesa torqueand

forceabout a pivot point. This in turn changes the forceon a suspended quartz beam, thus changing its

resonantfrequency. This frequencyisconvertedto a pressuremeasurement viaa second orderrelationship.

The manufacturer'sspecificationsforthistransducerare as follows:

Repeatibility: 0.005% F.S.

Hysteresis: 0.005% F.S.

Six month stability: 0.008% F.S.

Accuracy: :l:0.01% F.S.

The other candidate transducer was an analog pressure transducer whose physical characteristics were

suitable for the rotating pressure measurement system. This transducer uses a variable-capacitance ceramic

sensor which deforms proportionally to applied pressure (Ref. 3). Gold electrodes on the inside surfaces of
the ceramic sensor move closer to each other when pressure is applied, increasing the capacitance. The

capacitance is converted to a linear dc signal via a circuit utilizing a charge balance principle. The

specifications for this transducer are as follows:

Repeatibility: 0.01% F.S.

Hysteresis: 0.01% F.S.

Six month stability: 0.1% F.S.

Accuracy: :i:0.05% F.S.

ROTATIONAL EFFECTS

A spin rig was used to conduct individual tests on each of the system components to determine effects from
angular acceleration due to rotation. The effect of rotation on the sensors in the ESP modules was

negligible. The output of the digital pressure transducer changed beyond its accuracy specification as it was

rotated. The change in the analog pressure transducer output due to rotation stayed within the transducer

accuracy specification.

THERMAL EFFECTS

Despite the attempts made to cool the pneumatic seal assembly, the rotating ESP system would still be

exposed to temperatures as high as 170 °F during research testing. Identification of possible thermal effects

on the system components was done in a temperature controlled chamber.



To determine the nullthermal shifton the sensormodules, one measurement transduceron each sensor

module had the same pressureappliedto both sidesso thatany changes initsoutput would be becauseof

a temperature change and not because of changes in itsreferencepressure.Itwas found that the output

ofthemeasurement transducerson the sensormodules shiftedsignificantlyas temperaturechanged and the

amount of shiftwas differentfor each transducer. This shiftcan be minimized ifthe ESP system is

recalibratedfrequently.

When the digital pressure transducer was tested in the temperature controlled chamber, it was found that

its output was extremely sensitive to temperature changes and had a long settling time (Figure 4) making

it impractical for use in the rotating ESP system.

The analog pressuretransducerwas testedinthe same manner. The testsshowed thatonly rapidchanges

in temperature affectedthe output of the transducer (Figure 5). By keeping the transducer at a

temperature slightlyabove the highesttemperature itwould be exposed to during a test(170 °F), any

effectscausedby temperaturewould be minimized. Itwas decidedthatthistransducerwould be bestsuited

for the rotatingESP system despiteitslower accuracy specification.The transducer temperature was

maintained at 170 °F by a closedloop PID controllerregulatinga heatermounted on the transducer.The

heaterwas alsoequipped with over-temperatureprotection.

DC TO FREQUENCY CONVERSION

Since the ESP system was designed to use only the digital pressure transducer, the 0- to 5-V signal from

the analog pressure transducer had to be converted to a 36- to 40-kHz, 4-V p-p, square wave so the system

could interpret it. A system was designed to convert the analog signal to a frequency without significantly

affecting the accuracy. The system consisted of a programmable frequency generator (PFG), a digital

voltmeter (DVM), and a data acquisition and control system (DACS) (Figure 6). Communication among

these three instruments was accomplished via an IEEE-488 bus with the DACS acting as the bus controller.
When the system is in operation, the DACS reads the transducer signal through the digital voltmeter and

instructs the frequency generator to output the appropriate frequency to the ESP system (Figure 7). In

the event of a DACS failure, a watchdog timer will activate an alarm.

DACSPROGRAM

A flowchart for the program that operates the system is shown in Figure 8. The program performs the

following functions:

• Reads the transducer analog output from the DVM via IEEE-488, converts it to pressure units (psia),

converts pressure units to a frequency value, and outputs this frequency value via IEEE-488 to the

frequency generator.

• Monitors the transducer output for fluctuations outside a specified range which would indicate a possible

pneumatic seal leakage problem. This feature is disabled during calibration of the ESP system because
the three different calibration pressures applied would be interpreted as a pneumatic seal problem.

• Monitors the test cell barometric pressure for changes. Since the test cell barometric pressure is used as

the reference pressure for the sensor modules, a change in this pressure would necessitate an online

recallbration of the rotating ESP system to maintain the best accuracy.
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• Reads the transducertemperature and convertsitto a 1-to5-V controlsignalthat isoutputted to the

PID heatercontrollerwhich controlsthe transducertemperature.

• Alertsthe operator with an on-screenwarning ifeitherthe analog transducer output or barometric

pressurechanges beyond theirspecifiedlimits.

LINEARIZATION EQUATION

The equation used by the ESP system to convert the digitalpressuretransduceroutput intoengineering

unitsexpressedin psiaisas follows(Ref.4):

P = A(1- t0/t ) - B(1- t0/t) z

where

P

t o

= pressure in units of A and B (psia).

= period of the digital transducer output

at 0 psia in microseconds.

t = measured period of the digital transducer

output in microseconds.

To apply the linearlzatlon equation, the calibration coefficients, A_ B, and t o must be known.

The following information is supplied by the manufacturers:

• The digital transducer output frequency at 0 psia (f0) is 40 kHz.

• The digital transducer output frequency at full scale (f) is 36 kHz.

• Full scale pressure for the analog transducer is 20 psia.

Since t = I/f, the equation becomes:

P = A(1- f/f0) " B(1- f/f0) 2

Since the analog transducer output is linear,

B(1- f/f0) 2 = 0 so S = O

The equation simplifies to:

P = A(1- f/f0)



Substituting:P = 20 psia,f= 36 kHz, and f0= 40 kHz:

20-- A(1-36/40)

A = 2O0

Calculateto:

to = 1/fo= 1/4o ooo

t O ----25x10 -6

Summarizing:

A = 200 psia

B = 0 psia

to --25 ps

Using thesethreecoefficients,the bytevaluescan be generatedusingthe standard method and inputto the

ESP system so the signalfrom thefrequencygenerator(whichrepresentsthe analogtransduceroutput)can

be interpretedas a pressure.

SYSTEM ACCURACY

The accuracy of the system isas follows(Note:The digitalvoltmeterand frequencygeneratoraccuracies

have been converted to "psi"fortabulationpurposes.):

• Analog transduceraccuracy: ±0.05% F.S.

(F.S. = 20 psia) ±0.010 psi

• Digital voltmeter accuracy: ±0.005% input + 100 #V

(Input --- 5.0 V _ 20 psia) ±0.0014 psi

• Frequency generator accuracy: ±0.0001 Hz

(4000 Hz = 20 psia) ±0.000005 psi

• ESP system accuracy (less above accuracies): 0-0.005 psi

The accuracy of the entire rotating calibration pressure measurement system was calculated to be

+0.0101 psi using the root sum squared (RSS) method. The limiting factor for the total system accuracy
is the analog transducer accuracy (±0.010 psi). The accuracy of the entire ESP system was calculated to

be ±0.015 psi.
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EXPERIMENTAL RESULTS

The accuracy of the entirerotatingcalibrationpressuremeasurement system was verifiedunder actual

operatingconditions.The pressureport of the analog transduceron board the rotorwas connected to a

totalpressureprobe which was mounted offthe frontofthespinner.A highlyaccurate(+0.004 psi)20 psia

digitalpressuregage was mounted offthe rigand connected to a totalpressureprobe insidethe plenum

(whichisupstream ofthe spinner).The pressureat both locationsshould be the same becauseboth probes

are inthe freestream farenough from the wallsof the inletso boundary layereffectsare negligible.The

analog transduceron board the rotorwas compared to the digitalpressuregage under rigdesignoperating

conditions.Severaltestswere conducted to ensure_repeatability.The resultsof thesetestsshowed that

just afterreaching design conditions,the two readingsdifferedby 0.009 psi and after1 hour the two

readingswere the same. Immediately afterthe rigwas shut down, the readingsdifferedby 0.003psiand

after10 minutes the readingswere the same again.The two readingstrackedthe airflowratethrough the

facility(Figure9).

Based on the calculatedand experimentalresults,itcan be concluded that the accuracy of the rotating

calibrationpressuremeasurement system is+0.010 psi. Thus the accuracy of the entirerotatingESP

system would be the sum ofthemanufacturer'sspecifiedsystem accuracy (±0.005 psi)and theexperimental

accuracy of the rotatingcalibrationpressuremeasurement system (-4-0.010psi)or -4-0.015psi.

CONCLUSION

Aeronauticsresearchat the NASA Lewis Research Center has reliedheavilyon the accuratemeasurement

of pressureson engine components to design more efficientengines. Acquisitionof these pressure

measurements on stationarycomponents isaccomplishedwith proven techniquesand methods. Measuring

pressureson rotatingcomponents isdifficultbecause of possiblerotatl_onaland thermal effectsas wellas

operationalproblems. The rotatingESP system on board the Large Low Speed CentrifugalCompressor
at the NASA Lewis Research Center has providedresearcherswith data thatcouldnot have otherwisebeen

obtained. The system has proved to be a valuabletoolin understanding the complex flow phenomena

existingintheblade passagesofthe Large Low Speed CentrifugalCompressor. The system isalsotargeted

foruse on a Large Low Speed Axial Compressor at the NASA Lewis Research Center in the early1990s.

REFERENCES

I.Wood, J.R.,Adam, P.W., and Buggele,A.E.,INASA Low-Speed CentrifugalCompressor For

Fundamental Research,"NASA TM-83398, June 1983.

2. Paros, J.M., *Digital Pressure Transducers," Paroscientific, Inc., reprinted from Measurements & Data,

Vol. 10, No. 2, Issue 56, Mar.-Apr. 1976.

3.Setra Systems Model 270 SpecificationSheet,SetraSystems Inc.,January 1990

4. Paroscientific,Inc.,"Calculationof PressureFrom CalibrationCoefficients,_ pp. 2-3,May 1981.



Figure 1.--Large low-speed centrifugal compressor facility.
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